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A B S 'I E A C T 


The work reported in this thesis aims at setting 
up adequate facilities for thermal oxidation of silicon 
for growing high quality silicon dioxide films Procedures, 
precautions and other useful aids which v\rere found necessary 
for producing good quality oxides have been described 
in detail. An KOS structure was fabricated and used to 
measure the important properties such as dielectric 
constant and breakdown field strength of the grown oxide films,. 

The 3i-3i02 'interface has been investigated both 

at high as well as at low frequencies using the same MOS 

capacitor as a function of applied bias* The density 

of surface states on this interface has been found to be 
1 1 2 

4*6x10 states/cm which is in fairly good agreement with 
the values obtained by other workers* Other results obtained 
during these investigations are also in close agreement VYith 
those cited in the literature as can be' seen from the 
concluding remarks. 
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Chapter I 
INTSODUCTIOF 

Roles of Oxides in Electron Device fabrication' 

Silicon-based discrete devices and specially 
integrated circuits play an essential and ever increasing 
role in the electronics industry now-a-days. Silicon 
oxides are extensively used in the fabrication of these 
devices and lOs^ to serve one or more of the following 
purposes; 

(a) Masking for selective diffusion of impurities, 

(b) Primary surface passivation and stabilization, 

(c) Dielectric isolation, and 

(d) Active device dielectric. 

A brief description of all these roles is given 

below; 
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Oxide masking / ’(Jxide masks are invariably employed for 
selective diffusion of certain impurities, particularly 
phosphorus and boron in silicon for planar diffused 
junction formation, The mechanism of the masking action 
of an oxide involves its conversion into a mixed oxide of 
Si02 With P20^ or B 2 O 2 . Both 12©^ and 220^ diffuse into 
the oxide , replace the silicon atoms with phosphorus or 
boron atoms and convert the oxide into a different type of 
glass , Ihe bound a^ betv/een the phosphorus or boron- 
containing top layer and the remaining part of the oxide 



film has been found to be very sharp and well defined. 
Diffusion of or B2^’5 of this boundary is 

negligible, Si 02 films are thus most effectively used for 
selective masking of impurities in the planar technology. 

4 

Surface Passivation s Stability and reproducibility of the 
silicon device characteristics are greatly improved by 
passivating the sensitive device surfaces. Ordinarily, 
passivation is defined as a process of rendering a 
surface 'nonreactive by forming a layer which inhibits 
further reaction. In the case of semiconductors, chemical 
as well as electrical stability are required in a passi- 
vated surface. Hence the passivation of a semiconductor 
surface is completed in two stages. Pirstly, there is 
the primary passivation for control and stabilization 
of the electrical properties of semiconductor surface. 

The primary passivation uses a grown Si02 layer on the 
semiconductor surface to be passivated. The ozide layer 
in turn is protected and stabilized by the secondary 
passivation la 3 ?'er which is obta nied by deposition of 
another passivation material such as phosphosilicate 
glass, silicon nitride etc, v/hich are very inert materials 
hence are suitable for chemical passivation,. The second 
passivation layer also performs the function of insulating 
and protecting the interconnection and terminal met allurgy 
and providing overall mochanical and chemical protection,. 



Dielectric Isolation foi'' gleotrical Insulation ; 

Carefully grown oxide films possess good insulating 
properties sucii as low pin hole density, high breakdown 
strength, high dielectric sonstant and low dielectric 
losses. Such high quality oxide films are most frequently 
used for dielectric isolation in ICs , these dajrs, 

The conrcnience and ready availability of silicon 
oxide also make it a natural choice for the dielectric of 
the MOS capacitors, often used in 10 functional blocks, 

The dissipation factor, breakdown voltage and temperature 
coefficient of capacitance of silicon oxide are also 
suitable for this application. 


Active Device Dielectric ; In MOS devices, tho dielectric 
film used, as the gate insulator is an active integreil part 
of the device so that the device characteristics are very 
sensitive to its properties. Hence in MOS technology, 
emphasis is placed on the fabrication of this oxide rather 
than on diffusion. Do achieve this end cleanliness must be 
maintained throughout the complete procedures of oxide for- 
mation, Ihe problems which one faces in producing high 
quality oxide film are described in Chapter of this 
report . 

Some devices in which oxide dielectric film is an 
active functional pad: of the device are MOS transistor , 
surface tetrode and various other three or fo'or junction 


devices. Since the characteristics of these devices are 
sensitive to fluctuations in interface properties, their 
fabrication depends raorc strongly upon surface control and 
stability. For such applications only vary superior quality 
oxides can be employed viiich is not too difficult to achieve 
v;ith the sophisticated caride formation tochniques at the 
present state of silicon technology. 

By this time, enough has been said about the vital 
role of the oxides in the fabrication of silicon planar 
devices and integrated circuits . 

Ihe primary objective of the present work wras to 
set up necessixoy facilities for thermal oxidation of 
silicon, so that no difficulties arc encountered at a later 
stage and oxidation becomes a routine process when work on 
planar technology and IC fabrication is started. Special 
efforts have gone to obtain good qualitj^ oxido of repro- 
ducible properties suitable for the above applications. 

To ensure that the grown oxide be of good quality 
following criteria were thought to be nocossary. The 
grown oxide film must hove; 

(a) Good insulating properties which implies 

(i) Bow pin hole density 

(ii) High dielectric strength 

(iii) High resistivity 

(iv) Dielectric constant that is close to the reported 
value for silica glass, 

(v) Bow dielectric losses. 



(b) lo?/ and reproducible density, of surface states. 

(c) Eesistance to ambient stress especially no or minimum 
ionic motion at elevated temperature and/or high field 

Do measure these properties an MOS structure was 
thought to be suitable and has been used throughout these 
investigations . 

The worlc presented in this report is partly 
theoretical and partly experimental. Chapter II of this 
\7orh deals y/ith the methods of oxide formation and various 
r,iGcho.nisms involved in oxide groyrth. Chapter III is 
devoted to theory of semiconductor surfaces and important 
properties of the silicon-silicon dioxide interface. This 
knowledge is essential for the understanding and inter- 
pretation of the various curv\:,s obtained from the measure- 
ments in Chapter Y, Chapter IV forms the heart of this 
z’eport and deals with the complete fabrication techniques 
of Lies structure. Cleaning operations that were found 
necessary to obtain good quality oxide film have been 
described in detail and a routine procedure has been 
established for obtaining sufficiently good oxide layer 
that could be used in the fabrication of passive component 
planar diffused transistors and integrated circuits. In 
Chapter Y various measurement techniques and results of 
measurements have been reported. In concluding remarks, 
a comparison is made boty/ebn the values of various 
quantities such as dielectric strength, density of surface 
states etc, as reported in the literature and obtained in 
the present vyork. 
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Chapter II 

LIEIHODS 01 OZIDB BOHxaii'IIOB AMD 
OXIDE GSC¥2H ]!£SOPxMISM 

According to the Diothods of preparation, silicon 
orides can be broadly classified as 

(a) Thermal oxides 

(b) Anodic oxides 

(c) Deposited oxides. 

Thermal Oxides: "Thermal Oxides" ore those oxides which are 
formed from a thermalljr activated reaction of silicon with 
oxygen, water, or other oxygen bearing species. Thermally 
grovm oxides ere most widolj’' used as a mask against impurity 
diffusion and passivation layer at the semiconductor surface . 

In the present work only thermal oxidation. of 
silicon was employed sc that this method is described in 
detail. Other methods are mentioned only for the sake of 
completeness. 

Oxid© can be grown thermally on silicon surface by 
any one of the following four processes: 

(a) Steam oxidation 

(b) Oxidation in dry oxygen 

(c) Wet oxygen oxidation, and . ' 

(d.) Accelerated oxidation. 
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2 . T Steam Oxidcution of Silicon 

■ The reliction of high temperature vTuter vapor with 
silieon is called steam omidation only when the quantity 
of vapor present does not limit the oxidation rate. The 
grow'bh of few initial layers of oxide prevents further 
contact bet?/een the roacuants. Several monolayers of 
oxide are formed by chemisorption of water. Further growth 
requires the transport of one of the reactants through the 
already/ existing oxide, 

He act io n kinetics i After the first few' layers of oxide . 
az'c formed, prev'enting further direct contact of water 
with silicon, the reaction is supposed to proceed between 
either interstitial v/ator molecules in the oxide and 
silicon atoms bound to the silieon latticc^^ 

H 2 O + Si-Si Si-0-Si+Pl2 (2.1) 

or from the reaction of an intc 2 ?mediate silicon hydrooxide 
group (silanol group) and silicon. In the latter mecharoLsm 
the following reactions occur in the neighbourhood of the 
gas-oxide interface; 

H 2 O + Sj_ - 0 - S^ — 2CSi - OH) (2.2) 

vapor oxide silanol 

and at the oxide-silicon interface, the reaction is 

2 ( Sl-OH) + Si - Si 2 (3i-0-Si ) + H 2 (2 , 3 ) 

In the above reaction H 2 produced during the oxide forma- 
tion diffuses rapidly away .from the oxide-silicon interface . 



In both oxide forming reactiors, described in egn.(2,1) 
and eqn.(2.3), the species combining with the silicon must 
I if fuse through the existing oxide layer to reach the oxide 
s il ic on int ex'! ac e , 

At usual oxidation temperatures the diffusion 

coefficient of hydrogen in bulk silica is several order of 

2 

magnitude larger than tiiat of steam so that hydrogen 
diffuses much faster than v?ater and permits the oxidation 
to be limited, presumably by the availability of molecular 
water and/or hydroxyl groups at the interface. 

For steam oxidation above 1100°C the oxide growth 
is limited by diffusion of the oxidising species through 

5 

the film, the growth is parabolic given by 

= (2.4) 

where d. is oxide thickness, 

t is time for oxidation, and 
c is rate constant. 

Below 1 1 OQoC the relationship found experimentaly 
by Deal and Grove^is given by^ 

«ox UA V = ^ (2-5) 

Ihe constants A and 1 are only of import;-ance for 
thin oxide films, 'Ihe linear grev/th probably occurs when 
the chemical reaction rate at the oxide-silicon interface 
rather than the supply of the reactants limits the 
oxidation (cqn. 2,1). 



Addii:i..-n:;l evidence for the reaction rate limitation 

exists in the observed dependence of oxide grc?/th upon orien 
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tation . In the linear gro’vth regions, the reaction rate 
depends upon the number of silicon bonds that are available 
to react with the water molecule at the oxide-silicon inter- 
face . This dependence of oxidation rate upon orientation 
has been confirmed experimentally in high pressure steam 
oxidation; the oxidation rate ore in the order (110) 
orientation ' (311) orientation (111) orientation. 

In steam oxidation of silicon at atmospheric 
pressure, only the low temperature, nonparabolic oxidations 
show a dependence on orientation. If the previously 
described kinetic picture is correct, the high temperature 
parabolic oxidations should not be irifluenced by factors 
that affect only the interface reaction rate (such .as 
silicon substrate orientation), since this factor is not 
the primary rate limiting factor in that temperature range. 
The temperature at which . orient at ion dependence appear can 
be regarded as those at v/hich the interface reaction is 
beginning to limit the growth rate of oxide. 

2 .2 Oxidation of Silicon in High Pressure Steam 

It has been found that oxide films of good quality 
can be grown by oxidation at relatively low temperatures 
if the water pressure is increased to several atmospheres'^. 
Within a eertain range of pressures and temperatures 
uniform films could be made, the growth rate of which 



appeejred to be linear in time and directly proportional 
to the steam pressui-'o . ^At excessively high pressures, 
hov/ever, the oxide film may dissolve in the steam phase, 
s;.. that no grov;th occurs. The time -independent growth 
rate indicates that the rate determining step in this 
oxidation metixd is the oxid-ation of the. silicon at the 
i3i-Si02 interfoce. 

2 • 3 Oxidation of Silicon in Dry Oxygen 

This is the method of oxidorbion that has been 

employed in present work for preparing the MOS structure 

for surface state- and barrier height measurements. In 

dry oxygen oxidation the species diffusing through the 
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growing oxide layer is supposed to be oxygen ions . The 
growth of oxide by this method can be influenced by the 
application of an electric field . Conventional moirker 
and radio-active tracer experiments have shown that the 
oxide grows at the oxide -silic on , interface rather than 
the oxide -gas interface . 

Pt eaction kinetics in dry oxidation ; As in steam 
oxidation lower temperature oxidation kinetics seen to 
be limited by the reaction at the interface rather than 
the diffusion of oxygen . ions. The growth departs from 
parabolic and becomes more linear at, temperature under 
100000 . 

The high activation energy of dry oxygen oxidation 
reflects the tight bonding of oxygen ions in the oxide . 



2.4 Wet Oxygen Oxidation of Silicon 

For tills project, this method' of oxide formation 
was employed for making MOS structure for dielectric 
strength and dielectric constant measurements of the 
oxide film. In v/et oxidation the dry oxygen is passed 
through a writer bath containing very pure distilled I>I 
water, having the resistivity of the order of 15 Mega -ohms 
cm., prior to being introduced into the oxidation furnace . 
The oxidation rate can be increased by increasing the 
■water-vapour pressure, i.e., by increasing the tempera-ture 
of the waiter bath. In this process of oxidation concentra- 
tion of the oxidizing species can be easily varied, which 
is not possible either in the dry oxygen system or the 
steam, oxidation system. In the wet oxygen system, however, 
the oxidizing species is a mixture of oxygen and ’’water” 
whose ratio is determined by the mixing of water vapour 
with oxygen. In principle it is possible to vary the 
oxidation rate from that of 100 ^ oxygen to that of nearly 
100% water vapour. In this work, water bath temperature 
was kept at 90^0 and flow of oxygen gas was maintained at 
1 litre/minute. Ihe dry oxygen used as carrier gas was 
filtered by passing through a micron filter before bubbling 
through "the water bath. The water used was of high purity. 
Water bath also acts as a filter and seems to remo've many 
of the particles that a submicron filter catches. The 
temperature for oxidation 7/as II 5 O 0 C, 



2.5 Description of the Oxidation Set-up used in the 
Present Work 

Oxides were grown at atmospheric pressure by 
open tube oxidation method. A 60 mm. dia. and 60” long 
liigh quality quartz tube with its one end open to atmosphere 
has been used . The quartz tube is heated in a furnace 
"Ihermcc Spartan” supplied by Thermco Products Go, Orange 
Calif., U.S.A. This furnace employs resistance heating 
for heating the work tube . . Temperature of the furnace 
remains stable within in a flat zone length of 24” in 

the centre of the tube 

Oxygen is made to pass through a micron filter 
and a dryer (moisture trap) befoie entering the work tube 
in case of dry oxidation, while in case of vi/et oxidation, 
it is bubbled through a bubbler containing very pure water 
at desired temperature. The oxidation system vi^hich has been 
supplied by Fischer and Porter Company, Berkeles^ Gloss Dab, 
Division, U.S.A, has a flask of pyrex glass of one litre 
capacity fitted T^itli a thermometer pocket for measuring 
the temperature of water bath, A pressure release valve 
which operates when the pressure inside the floisk exceeds 
the preset value, is also provided for safety purposes. 

In addition to this, the system also consists of one 3 -way 
and one 2-way solenoid valves which make the system capable 
of doing steam, wet and dry oxidation. The normally closed 
end (DC ) of the 3 -way value is connected to the bubbler 
(Pigure 1 ) . The 2-way valve vThich is connected at the output 



-2-WGy Valve 



FIG. 1> OXIDATION .S-YSTEM , , 

This system is capable of doing steam 
wet and dry oxidation 




is normally cIosgI. Hciicg, until the valves are energized 
Toy switching on to the power supply, oxygen is not permitted 
to enter the bubbler and it takes an alternative path pro- 
vided for this purpose as marked in the figure 1 by thick 
arrov/s . As soon as the values are energized by operating 
the power supply switch, oxygen flow is directed to pass 
■uhrough the bubbler and wet oxidation starts. Thus by 
merely operating a power supply switch, we can s?/itch from 
dry to wet or vve-t to dry oxidation, Ihus many combination 
of oxidation process can be used if desired. 

2.6 A-Ccelsrated Oxidation of Silicon 

Ihe temperature necessary for oxide-film formation 
can be lo7/ered by ratc-accelerc.ting a.dditives. lead oxide 
(PbO) especially has appeared to be a suitable accelerating 
agent and may be added through the vapour phase. 

q 

2 .7 Anodic Oxidation 

Silicon can be oxidized anodically in a suitable 
electrolyte . The grovfth of anodic oxide films on silicon 
in a liquid electrolyte \7hich does not dessolve the oxide 
depends upon an electrostatic field in the oxide which 
enhances ion migration. Si ions are the mobile speciesi 
therefore, the groY/tli of anodic oxide can be described 
by the transport of Si ions across the oxide-silicon 
interface through the oxide to the oxide-electrolyte 
int erf ace where an oxidation reaction takes plac e . 



Since oxide iilms obtained by anodic oxidation have a 
much Icorger content jf ionic impurities than films made 
by thermal oxidation, so they have not yet found many 
applications in semiconductor device technology, 

2 .8 Deposited Oxides '*^ 

Deposited oxides include all those oxides formed 
by methods not requiring the silicon substrate to parti- 
cipate in the oxide forming reaction. Hence a substrate can 
be a material other than silicon, so that the results may 
bo applicable to G-e , G-aAs etc. Three techniques commonly 
employed to daposite oxide films are pyrolysis, vacuum 
evaporation and reactive sputtering. 
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Chapter III 

S-jMICOJIDUOIOR SUEPA0E3 MTD 
SIE ■■C0N-3ILIC0IT B IOXIDE IDTIEEACE 

Surfaces play an important role in the operation 

of semiconductor devices. Apart from those devices whose 

operations depend solely on surface properties such as 

lies transistors, they also influence the behaviour of 

11 19 

devices involving p-n junctions'. » 

3 . 1 Methods of Surface Investigations 

Commonly employed methods for semiconductor surface 
investigations include: 

(1) Eield effect experiment, and 

(2) MOS structure. 

In field effect experiment, the surface conductance 
is varied .by the application of an electric field normal to 
the surface. To draw conclusions about the behaviour of 
surfaces from the field effect experiments a knowledge of 
carrier mobility at the surface is essential. Because of 
the various surface scattering mechanisms the mobility at 
the surface may be quite different from that in the bulk and 
it is generally difficult to estimate its value . The M(^ 
technique does not require any knov/l edge of surface mobility. 
In this method, Instead of conductance, the capacitance of 



semiconductor surface is studied as a function of the 
electric field nonnal to the surface. This technique 
has been omplOT'ed for stud 3 ring the behaviour of silicon- 
silicon dioxide interface since an MOS structure which 
includes this interface provides a convenient capacitor. 
Essentially, this technique of surface investigations 
depends on the interpi’otation of the deviations between 
an idealised theory and experiraental observations. In 
the work described in this repoit, this technique has 
been invariablj^ used in all the investigations . Ihis 
chapter provides the theoretical background necessary 
for the interpretation of experimental results described 
in Chapter Y. 

3,2 Surface Spaco-Oh arg e Reft’ioil 5,14,15 

Ihe region near the sux'face of a semiconductor 
associated with the surplus (accumulation) or deficit 
(depletion) of free charge carriers as compared to that 
of the bulk is called surface space charge region. Ihis 
region can be produced either by an electric field outside 
the semiconductor or by contacting the semiconductor with 
a metal or insulator with different work function. Surface 
space-charge region can also be produced by "surface states 
located on or near the semiconductor surface. 

Appearance of space-charge results in the band 
bending near the surface which in turn gives rise to a 



potential difference i0'j between tiie bulk and the space- 
charge region. Value of this potential difference at the 
surface 0^ is known as ” surface potential”. The value of 
0 in the bulk given by qjZlq = E--E . j is called the bulk 
potential. 

The potential and field distribution in the space - 
charge region is obtained by solving the Poission's equation, 



(3.1) 


wliere ^ is the charge density and ^ is the permittivity 
of the semiconductor material. 

Por a noii-degonGratc semiconductor, equation (3.1) 
can be written in the forni'^ 


= — ^^-(Sinh u - Sinh u=n) (3.2) 

dx Ip • 


where 

nOj f kT ^ 

^ ^ and ) (3,3) 

2q"^n^ 

is known as Debye length. 


Solution of equation (3.2) after some simplification 


yields, 

'^sc “ 2qn^I^ p(ug~Ug) 


(3.4) 


where represents the charge in the surface space-charge 
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rGgiorij and i''(ug, Ug) lias been substituted for 

bi’ Sinii ug(ug'-Ug)-“(Gosh u^-Cosh Ug) 

V,' lie re u = vdien and u = Ug, when 0 = 0 ^ 


bo ihe Ideal 'Lies Struciur 
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In an MOS structure, the surface states and 

presence of charge in the oxide layer arc absent. Also, 
t'he effect of v.ork function difference between the metal 
and semiconduc lor is neglected. Ihe applied voltage, 
therefore, will partly appear across the oxide and partly 
across the silicon. Thus 


Y = V + 0 

app ox ^s 


(3.5) 


where is the applicvl voltage, and is the voltage 

drop across tho oxide layer* 

Since there are no charge traps, the whole charge 
appears in the space-charge region, so equation (3*5) 

Cell be written as 


Y 


a 


sc 


app 


ox 


+ 0 ^ 


(5.6) 


The small signal capacitance of such a MOS structure can 
be considered as the capacitance due to the oxide film C 
in series with the space charge capacitance C„, so that 

■ ' SC 


ox 


the total capacitance is given by 


C = 


ox sc 

G +G 
ox sc 


(3*7) 


V 


? 



FIG- 2a METAL- OXlDE-SEMtCONDUCTOR 
(MOS) STRUCTURE 



In oquation (3.7) C is constant, but G dopenJs on the 

OIKI ^ ^ 

tiiickness of tnc space-charge region and is given by 


cl ^ 

C ~ per unit area 

sc eij^ 


(3.8) 


Here is the thickness of space-charge region. 
Elimination of between equations (3.7) and (3»8) 
yields the relation for a- p-type semiconductor 


n 




'ox 






V ) 

app^ 




(3.9) 


which predicts that the capacitance v^ill fall with the 
square root of the applied voltage while the surface is 


Icing depleted. 

Typical shapes of theoretical C-Y curves for MOS 

structures on p-type and n-type material are given in 
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Eigures 2 and 3 respectively. Qualitatively the shape 
of these curves can be explained as follows; 

Considering p-t 3 rpe material, a negative charge 
on the motal electrode (gate) will cause accumulation 
of holes at the surface. Variations in charge by the 
a .c . measuring signal then occurs so close to the Si-Si 02 
interface that in equation (3.7) is large oomparod to 

0^,^ . The measured capacitance thus approaches 0 for a 
negative voltage on the gate, (When the negative bias is 
low, i.e ., when the band bending at the silicon surface 
is slight , the space-c harge Vr.,r iat ions due to the measuring 




Fiy.2 T ["iecretirci C“V Gurve of anM 0 S st ructure 

on p-type silicon for high an :i low frequencies 






pin 3 High frequency theoretical CV curve 
of onMOS structure on n-type silicon 


signal no longer occur Tory close to the interface. 
Consequently becoinGS comparable "*"0 '^tiis results 

in lovrering the value oi overall capacitance of the MOS 
.-rL-ructare at 3:;??o or vary small electrode voltage, fhe 
measured small signal Ouiic.citance of an MOS structure, in 
the absence of any d.c. bias ap^jlisd to gate, is referred 
to as "Flat Band Capaciramce" . Ihc value of flat band 
capacitance is less than the capacitance of oxide layer 
alone . 

When the d.c. bias at the gate is increased from 

aero to positive values a depletion layer forms at the 

silicon surface. An increase in tljs negative charge in 

this layer is accompanied by an increase in the depletion 

region thickness. The a.c. signal causes charge variations 

at the edge of the space charge region. When the d .c .bias 

is increased it looks as if the distance between the two 

electrodes of MOS capacitor becomes larger, so that the 

capacitance decreases. However, at a sufficiently high 

voltage the band bending becomes so large that a layer 

of free electrons can be formed at the surface. A.s this 

inversion layer is very close to the Si-Si 02 interface, the 

effective capacitance at low frequencies (below 100 Hz/sec. 

may, again become equal- to C , the oxide capacitance alone 

02 , 

as shown by the dotted curve in Figure 2. 
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3 .4 Frequeno?/- ’3f f oots ’ 

CMpriCitancG iiicroase in the inversion region 
' occurs only v.hon the measuring frequency is sufficiently 
low usually less than 100 Hz/sc c . At such low frequencies 
the recombination-geiier rcion rates of electron-hole pairs 
in the depletion region can keep up with the measuring 
signal variations so that the chai’ge exchange with the 
inversion layer is possible. At higher frequencies, 
iio'v/ever, the supply of charge carriers to the inversion 
laj'uX- is difficult because these (minority) carriers 
caainot be geii'-rated quickly enough. As a result, the 
effective co.puoitance decreases eud reduces to a value 
O^in shown in Figures 2 and 3. 

The minimum capacitance is closer to C in 

ox 

the case of lov;er rcsi3tivit3?- silicon. Low resistivity 

silicon approaches the nature of metal and hai-dly any 

change in capacitance occurs when the gate voltage is 

varied from zero to sufficiently high values. This has 

been observed in the present work when an attempt was 

made to measure the surface state- density of the Si-St 02 

interface using an MOS structure constructed from a 0.4 ohm 

16 3 

cm. silicon cr^fstal (1x10 donors/cm"'^) at the earlier stag^ 
of this work. No noticeable change could be obtained in 
capacitance inspite of sufficiently large voltage applied 


at the gate . 
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3 .5 Practical MOS Structure 6-24 

A practical MOS structure differs from an ideal 
one described alxsve, in the follomng respects: 

(a) presence of surface -states on the Si-SiO^. interface 5 

(b) presence of fimed charge at the oxide surface, 

(c) presence of the mobile ions within and on the surface 
of the oxide layer, 

(d) presence of the difference in the metal-semiconductor 

work function. ' 

Effects cf these deviations on the properties of 
c. practical Si~i 5 i 02 interface will novf be considered in 
some detail. 

(a) Suiface States! ^ Surface states have traditionally 

been classfied as (i) Past surface states, and 

(ii) Slow surface states depending upon their time constant. 

i'ast Surface States: Ihe termination of the periodic 
crystal lattice at the surface gives rise to unsaturated- 
or "dangling bonds" . The surface atoms having these 
uiisaturated bonds act as acceptor states in the sense that 
thej' can trap electrons . Ihese states correspond to 
energy levels in the forbidden onorgy gap of the semi- 
conductor. On a "clean surface" the number of such states 

has been obsorved to be of the order of 10 ^^ to lo"^^ states/ 

2 ' ' 

cm which agrees v/ith the theory. On real surf aces , the 

density and distribution of surface states are altered by 



adsorbed molecules and ions and onide growth defects, 

The formation of oxide layer and absorbed impurities 

present on the. surface use up most of the unsaturated or 

"dangling bonds" through nev/ bond formation, thus reducing 

1 1 

tho den,3it3’' of fast .surface states to the order of 10 

12,2 

to 10 /cm"'. Depending upon the crystal structure and 

surface treatment, the silicon surface may assume an 
acceptor like or donor like nature. 
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Acooroii-.g to nevesz , fast sunfaco states can also 
appear at the interface due to the formation o.f trivalent 
silicon under certain conditions of oxide growth. This 
trivailent silicon behaves as donor state in the following 


fashion 




= J 


Effects of Surface state on the properties of silicon- 


silicon-dioxide interface: 

11:10 electrons trapped in the surface states induce 
a sheet of negative charge (Qgg) on the interface of the 
Si-Si02 system. This charge on the surface induces an 
equal amount of charge of opposite polarity in side the 
semiconductor and henco leads to the appearance of a space - 
charge region near the semiocnductor surface. A differential 
capacitance (Ogg) will be associated v/ith the surface state 
charge (Qgg) 

dQ„ 

^ss - "d^ 


(3.10) 



nos structure in the Presence of Past Surface States: 

A quantitative description of the effects of 
surface states on the behaviour of the Si-Si 02 interface 
will now be presented. 

The capacitance of the device is given by the 
0 -: press ion 


mo; 


ds4P 

dY, 


( 3.11 ) 


7h£re Qp is the charge on the gsite electrode and is 

app 


the applied voltage. 


Since the net charge in the ■ system is zero, 


wo must have 


+ %a %c = ° 


( 3 . 12 ) 


Phe applied voltage neglecting the difference in 
contact potential, can be written as 


V = V + (0 - 0 ) 


apx-') ox ■ '""s ''so 
where 0^^ is the value of 0^ in the absence of applied 
voltage . ' 


If there is no charge in the oxide layer, tlien 
V 


app 


( U “i" ^ 1 

_s^sc^^ (C ( 3 , 13 ) 


ox 


Prom e quat ion ( 3 » 1 3 ) ’ we obt ain 


dC^ " 0 = 1+ — 

-^s ^ox 

as the c apacitance of the device . 


( 3 . 14 ) 
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Also from equation ( 3 . 12 ), wo get 



(5.15) 


(3.16) 


(3.17) 


(3.18) 


The form of equation (3.1S) indicates that the 
oxide capacitance C „ is in series i^vith. the parallel 
combination of the surface state capacitarice and the 
space change capacitance as shown in the equivalent 
circuit of figure 4 


"^ss 



fig .4 


Equivalent circuit of MOS structure 
i in the presence 'of surf ice st ate s . 
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16,18,24 

(b ) Qxice Ohar/sO ; (Surface and Space Charge). 

Oxide charge includes the charge on the surface 

as well as in the bulk of the oxide layer. The surface 

charge is composed of the fixed charges, the mobile ions 

and the ionizec traps vmich arc located near or at the 

Si-Si02 interf C3 . The fixed surface charge has the 

follo?;ing properties: it is fixed and is not influenced 

by applied voltage over a wide variation of surface 

potential (jZ)g). It is located v/itliin the order of 200 £ 

18 

of the Si-Si 02 interface, its density (’0^^) is not greatly 

affected by the oxide thickness or by the type or 

impurity concentration in the semiconductor. depends 

on the oxidation grovrth, annealling conditions and on the 

1 8 

semiconductor orientation. It has been suggested that 
the excess ionic silicon in the- oxide is the origin of the 
fixed surface charge in the Si--Si 02 system. Ihe effeex of 
the fixed charge on the MOS capacitance curve is a parallel 



(c) Mobile Ions in the Qride la^^er ; ’ 

Presence of the mobile ions (especially ions) 
in the bulk of MOS devices renders the device characteristics 


unstable. The flat band voltage is subjectai to drift under 
bias at elevated temperatures . This drift is caused by the 


rearrangement of the ionic space charge distribution within 
the oxide, Ihe mobile iTj" impurityj being- due to an external 

3 , 

contamination could be eliminated or atleast minimised by 
appropriate precautions in the deTicc fabrication procedure , 
Once this contamination is eliminated MOS device becomes 
stable even under bias at elevated temperatures, 

( d ) Effect of r-etal-Semiconductor work Puncticn difference 
on MOS Ohar act eristics'l l 

When a semiconductor material is in the intimate 
contact of a metal with different work function, the 
electrons will flow from the met.al into the semiconductor 
or vice-versa until thermal equilibrium is reached and 
a voltage equal to this work function difference appears 
between the tv/o . This 'c^nds to widen the space charge- 
region already existing due to sur-'face states and the. 
oxide charge . Shus effect of the metal -serjiconductor 
work function difference is to produce an additionail 
shift of the C-V curve along the voltage axis , In the view 
of the abo-ve discussion a practical MOS structure can be 
represented by the Eigure?. . 

3 .$ Plat Band Voltage 

In a practical MOS structure all the above me iitioned 
effects may be present simultaneously so that they have to 
be combined together. A quantity ¥^2 called the flat band 
voltage defined as the voltage required at the gate of 
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FIG. 5 SHOWING SURFACE STATES AND OXIDE 

CHARGES IN A PRACTICAL MOS STRUCTURE 
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the MOS structure to hring about the flat bcmcl conditions 
at the surface, is used to incprocrate all th.se effects. 
Thu s d 




ms ^ ss' ox 


ox f d 


where first term within the parenthesis appears due to 


metal -semiconductor work function difference 


}ne second 


term accounts for the surface state chouTge and the third 
term takes into account the effects of the oxide ch.^rgo , 
Here d^^ is the oxide thickness and f-‘{x) is the charge 
density in the oxide layer. can be obtained from tlio 

shift of the practical 0-V curye with respect to ideal 


G-V curve along the voltage axis. 
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Ohapter IV 
EXPSHEUBIiOL WOHK 

PABaiGAIIOI ISGHITIQUSS PGR M03 SIEUGIUES 

MOS (Metal-Oxide -Semiconductor) structure is one 
of the fundamental tools to study the surface and other 
properties of oxidized silicon. An MOS structure vras 
used in the present work to measure the dielectric strength 
and dielectric constant of silicon dioxide and also the 
density of surface states at the silicon-silicon dioxide 
interface. In this chapter a detailed account of the 
experiraental work is given . 

4 . 1 Material Spscifications 

Ghemically polished R-type silicon waf ers (P-t 3 ;-pe 
high resistivity wafers v/ere not available) supplied by 
General Piode Gorporation, Praminghamj Massachusetts 0l70"I. 
were used for the fabrication of M06' structui-ss, Por the 
determination of surface state density, 11 ohms cm wafer 
v/as employed. Particularly for this measurement high 
resistivity wafer was chosen because of the reasons 
mentioned in Section 3.4 of Ghapter III, Por other 
experiments 0.5 ohm-cn silicon wafers w'ere employed. 

A polished silicon surface i.s a prerequisite for 
good oxide growth. Without the smooth, clean surface, 
the structure of the grov/n oxide tends toward cristobalite 
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VYlaich is undesirable in all tlie comron uses of oxide 
films in integrated silicon device technology, Gris'oobalite 
is denser than silica glass and the boundaries be ween the 
amorphous regions and the denser crystalline regions are 
porous to both surface contamination and impurities during 
diffusions. Isolated I'egions of oxide mask failure during 
diffusion can sometimes be traced to the presence of 
localized regions of cristobalite in o the revise amorphous 
oxide . 

Prior to oxidation, the wafer surface was examined 
under microscope- and if damage was detected the wafer 
was treated with the silicon polishing solution. Phe 
solution used in this work consisted of^'^ 

600 ml nitric acid 

200 ml acetic acid 

1 00 ml hydrofluoric acid 

10 ml hydrofluoro silicic acid 

In view of economy instead of full wafers, the 
experiments were made on small chips of silicon, T'hese 
small chips were cut with the help of Kulicke and Soffa 
wafer scriber supplied by Kuloke and Soffa manufacturing 
Co., Port Washington, P. A. 

4 .2 Importance of Cleanliness -Iji Plectron Pevice 
Pabrioation 

Needs for growing high qualit 2 ^ oxide have bean 
already stressed at more than one plaaes in this report . 



In a recently develcped class of silicon devices, in 
vliich silicon dioxide film is an active and integral 
part of tile device, the device characteristics very 
critically depend on its properties. Also, there is 
another class of silicon devices such as surface tetrode 
which depend on minority carriers for their operations . 

Ihe performance of these devices is even more sensitive 
to the quality of the oxide film. J'or such applications 
only very superior quality oxides are employed, 

Superior quality oxides can onljr be . grown if 
adequate attention is paid to the overall cleanliness 
during their formation, A sizable portion of this 
chapter has been devoted to the various cleanii'^g opor.it ioriS 
necessary for growing good oxides. 

4.3 Cleaning: Procedures 

Before the cleaning procedures are described, 
there is a word of warning "The cleanliness, before, 
during and after oxidation is the most import requirement 
for growing high quality oxides. Contamination from any 
source and at any stage of cleaning can invalidate the 
entire cleaning operation. Hence the complete cleaning 
operation must be done yfith utmost care and sincerity” . 

Ihis being the first work of this kind carried 
out in the Integrated Circuits lab. in 1.1,1 .Kanpur, it 
has been felt necessaiy that the cleaning procedures should 
be described in greater detail than needed in a well 


established laboratory where oxidation is a routine process. 
This will enable the future workers interested in this field 
to benefit from the experience gained during this work. 

The various measures of cleanliness adopted in the 
present work are described below; 

The purity of the cheniiGals used in cleaniiog, is a 
very important factor. \?iienever a new bottle of a chemical 
is opened, it sliould be throughly cleaned in running tape 
water and dried up before opening to avoid any contamination 
of the chemical. In the present work mostly tlie BIH Chemicals 
were used which yielded fairly good results. 

Cleaning Procedure for Q u artz work Tube 

The puritj'- of th- matwrials used in the oxidation 
process and that of the apparatus in v/hich the oxidation 
is performed clearly influence the impurity content of 
the oxide film. Silica glass more popularlj?- known as 
"Quartz" is regarded as tlic most acceptable material for 
building thermal oxidation appratus . The work tube must 
be very clean in order to avoid anp contamina tion whon the 
oxidation is in progress. For clciining 'the quartz work 
tube 5 the following practice was adopted . 

(a) Fill the tube completely v/ith 5^^ HF- and leave it 
overnight. 

(b) Remove HF , wash the tube througly in running tape 


water . 



(c) Soak in Hot KOH (95°C!) for 5 minutes. 

(d) Rinse in running tape water. 

(e) Soak in Ororaic acid for 5 minutes. 

(f) Wash in tap water 

(g) Finally rinse in R.I. water and dry in the hot 
furnace . 

The same method was used for cleaning quartz 
thermocouple tube, pull rod and quartz boat. The work 
tube was kept always closed by a cork ro avoid contamination. 
Similarly, the pull rod axid the thermocouple tube were always 
kept in glass tube casing to protect them from being conta- 
minated, The wafer carrier or boat was always stored in the 
work tube .. 

Cleaning Procedures for the Utensils Used in Silicon- 
Wafer Cleaning Operations 

For cleaning the silicon wafers before omiaetion, 
the beakers, Eieasuring cylinders and: funnels used, should 
be thoroughly cleaned . The cleaning procedure is as 
follows: 

(a) Scrub in Vim or Surf or similar detergent. 

(b) Rinse thoroughly in running tap water to remove 
the detergent. 

(c) Dip for 1 0 minutes in IfS (V/V) sodium hydroxide 

solution at 95°C. This dissolves fatty materials 
by saponification action. • 



(d) 



Rinse thorcnghly 
RaoH and tlie des 
Rip in Cromic ac 
effect of cromic 
some oxides and g: 


in running tap v/ater to reirove 
solved fatty materials . 
id for 5 minutes. The cleanii'ig 
acid is due to the conversion of 
rouses into water soluble ocapound 


(f) Wash in running tap water. 

(g) Finally rinse in RI water and keep inverted for 
drying in a clean dry tray. 


I\fote ; 

The cromic acid used in glass were ole ailing is 
prepared by making a s aturated solution of Potasium 
dicromate (K2Gr20y) in the concentrated sulphuric acid. 
Phis acid is stored in a big breaker or bottle and is 
I’epeatedly used for cleaning. 

C leaning Procedure for Silicon Wafer^ ^ 

Sources and Rature of Contaminants: 

Since tlx impurities present on the silicon 
surface prior to oxidation or during the oxide groY/th 
itself influence the homogeneity of the film and tliC ' , 
interface electrical properties it is very much necessary 
that the wafer surfaces must be cubsolutely free from any 
surface contamination before they ara introduced into the 
oxidation furnace. It is desirable to aimilyse cornprohsn”- 
sively the various types, sources and effects of surface 
contaminants before an attempt is piade to describe the 
cleaDing procedures . ^ ^ 


classified broadly as 


Surface contamiii-nts car. be 

(a) Molecular 

(b) Ionic 
( G ) At omic . 

( a ) Molec ular C ontaminants : 

Typical iiolecular contaminants are natural and 
sjnithetic v/axes, resins and oils. These are t^rpically 
present after the machanical grinding, lapping and 
polishing operations of 'raf ers . They may also include 
grease from fingers and greasy films that are deposited 
^7h0n surfaces are exposed to room air. Photoresists , 
and 01 ‘ganic solTunt residues also fall inio this category, 
layers of such molecular impurities in contact ’.7ith the 
substrate surface are usually held by weak electi^ostatic 
forces. Organic contaminants on silicon devices, specially 
on surface sensitive HOS structures, may ca’use polarisation 
and ionic drift due to the transport of pz’otons. ’i/atcr- 
insoluble organic compounds tend to make seniconduct or 
and oxide surfaces hydro-phobic, thus preventing the 
effective removal of adsorbed ionic or mctellic impin-itics. 
The elimination of molecular contaminants should thei'eforo 
be considered the first step in a cleaning process. 

(b) Ionic Gontaminants : 

They are present .after etching of wafers in HI'' 
containing etohents or in caustic solutions even after 
extensive rinsing in PI water. Thsy maj,’' deposite on the 



silicon surface by physical adsorption or by chemisorption. 
'The removsil of chemisorbed ions is much more difficult than 
the removal of ions attached to the surface bj?' physical 
forces, and a chemical reaction must generally be used to 
achieve desorption. Of the ionic contaminants alhali 
ions are particularly Ir.rmful in that they may move under 
the influence of electric fields or at elevated temperatures 
causing inversion layers, surface leakage, drifts during 
device operation. ' 

(c) Atomic Contaminants? 

Those include heavy metuls such as gold, silver 
and copper. Tlie3!' origincite from acid silicon etchants 
and are -usually plated out in the form of metallic 
deposites. The removal of this type of contarnin-ant 
generally requires reactive agents that dessolva the 
metal and complex the ionic form to prevent redeposition 
from the solution. Atonic impurities, especially xhe 
heavy metals, can seriously affect minority carrier life 
time, surface conduction and other' device parameters 
governing stability of devices. 

Since a contaminated surface is likely to contain 
all three types of impurities, it is necessary to first 
remove the gross organic residues masking the surface, 
then the resudual organic materials and finally the 
residual ionic and atomic contaminants. 
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Different laboratories report different procedures 
for y/afer cleaning, the- uethod used in this work is des- 
cribed below. As mentioned earlier the 03tler of the 
steps used in cleaning operation is important and should 
be strictly followed. 


26 2T 28 

Procedure for Silicon F/afor Gleaning ’ ^ 


Gleaning operation Approx, Types of impurities 

time ' removed 

recommended 


(a) Heat in 

Trichloethylene 


(b) Ultrasonic 
agitation in 
methanol 


10 minutes Molecular impurities, 
such as Waxes, Hesins 
and oils. 

5 minutes Inhances dessolution of 
of residues by local 
stirring action. 


(c) Heat at 95 °C in 50 rainutes 
a solution of 
equal parts of 
H202(6%) ,UH 40 H 
and DI v/ater 


(d) Einse in DI yyater 5 minutes 
and agitate ultra- 
sonically .. 


Or g anic c ont aminant s 
that are attacked by 
both the solvating 
action of KH^OH and the 
po'werful oxidizing 
action of the hydrogen 
peroxide. The M^OH 
also serves to complex 
sorae group I and II 
metals, such as , Cu,. 
Ag, Hi, Go £ind Od. 

To r emo ve the re agent s 
used in (o) . 




Gleaning operation 

Approx . 
tine 

reconnended 

Types of impurities 
removed 

(e) 

Heat in cone. 

10 minutes 

To remove heavy metals . 


Hiro3 . 



(f) 

Ultrasonic agi- 
tation in HI'TO^ . 

5 minutes 

- 

(g) 

jlins e s eve ral time s 

in hot DI water 


To remove HITO^ 

(h) 

Immerse in HF 

30 seconds 

To remove 3102 from 




the surface of the 




waf er . 

(i) 

Pause and agitate 

5 minutes 

To remove HP, 


in ultrasonic 




cleaner in PI 




water. 




lote ; 

In order to aToid the formation of oxcsssiTo pin 
holes in the grown oxide film, ultrasonic agitation is a 
must. In ultrasonic cleaning dissolution of residues is 
enhanced by the intense local stirririg action of the shoch 
waves created in the solvent. Thus, solvent saturated v/ith 
impurities is continually carried awa 3 ^ from the 'wafer 
sur:fe.:ce and fresh less saturated liquid is admitted. 
Mechanical vibrations induced in the v/afer further aid 
in loosening gross cent ;aminaiits. 
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After the cle.3ning operation was OTerj the wafer 
was removed from the DI water with the help of a tvmczer 
and immediately placed orrlpping wet on a hot quartz boat. 
After about 5 minutes the boat was carefully pushed to a 
preselected spot on the temperature profile, a mark was 
made on the push rod to facilitate the placement of the 
boat at the proper depth. Oxygen gas was then made tc 
flow at a desired rate which was rnaintriined constant till 
the end of the oxidation. The time required for a given 
oxide thickness under a particular set of oxidation 
conditions, was estjmac.tsd from st.andard plots. Description 
of the oxidation set-up used iii the present w’ork has been 
given in Chapter 2 of this report. 

4 .4 Oxide Etching from hon-poliehed Surface 

In order to make ohmic contacts to the un-polished 
silicon surface the oxide from the^t surface must be removed . 
Dor removing the oxide, a thick layer of npisono wax dis- 
solved in trichloroeth 3 -lene was applied on the polished 
surface with the help of a fine brush. One v;ax coating 
must be sufficiently thick and sufficient time must be 
allowed (about one hour) to get the waix coating completely?' 
dried up. If this is not done, some pin holes may? be left 
in the wax coating and the oxide layer on the polished 
surface will be dissolved by IID /tiirough the se holes . liiis 
will render the preserved oxide useless for fiirther 
experimentation. This difficulty was experie need at the 
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earlier stages of the present 'fforkj however, as more 
experience was gained it was overcoine taking the 
precautions described above. 

The oxide on the nonpolished side was etched by 
dipping the v/afer in 48;'3 HT' for 30 seconds. The wolx was 
removed by boiling the wafer in trichlcrothylene 3 to 
4 tines till the traces of woac Y/ere completely removed 
from the oxide surface. A simple method to tost the 
complete removal of oxide is by water f lov/ method in 
which water docs not stick to Si surface but stickes to 
Si 02 su3?facs. 

4 • 5 A1 -Me t a 1 1 ia .u t ion 

The MCS structure v/as completed by providirg; 

A1 metal contacts. ±A1 v/a.s chosen because it is very 
easy to evaporate and it provides good ohmic contact 
Y/ith Si and Si02 . Al. films hove very good adherence 
both on Si and Si02 surf aces . 

There ajre tY/o common methods of tiiin film 
depositionj 

(a) Pilm deposition thi’ougli metoj. masks 

(b) Photolithographic Teclmiques. 

As the clean room \Yas not ready, photolithographic 
method \Yas not tried. Al. was deposited by vacuujn eve.- 
p or at ion through metal masks. 



Fil ia Deposition Through Metal Mas ks^^ 

According to the need and suitability the different 
diameters Al. dots "vvere deposited. In some experiments 
the Al . dots dia . was as small as 250 reicrons in order to 
cover the smallest no, of pin holes present in the oxide 
film, if any. In other experiments the Al—dots dia. was 
kept as large as 500 microns in order to obtain a reasonably 
large value of MOS capacitance . In barrier height measure- 
ment, the Al-dot dia was still larger in order to have 
sufficient space for lead connection. Ihe masks suitable 
for different experiments were fabricated in the Precision 
Workshop from a 5 micron thick copper sheet. A special 
•type of mask holder shown in the Pigure 6 was also fabricated 
in the Precision Workshop. The mask holder c onsists of 
thread.ed outer and inner parts. Ihe wafer along with t lie 
mask was enclosed in the mask holder assembly which ensures 
a very good physical contact botv/oen the two. 

In order to have good circular Al. dots deposited on 
the wafer two things are important. First, the me aa free 
path of the evaporant particles must be lon^g compared with 
the mask-to-waf er spacing to avoid random condensation 
caused by intermole culccr collisions. Second, the stioking 
coefficient of the impinging vapor must be close to unit;’- 
to prevent re -evaporation and laterul spreading under the- 
mask. v/hen evaporating in a high vacuum and with the m.ask 
in phys ical contact with the waf.c r . the se prere q,-ais ites are 



Elevation Elevation 




Cu mask 
5 p thick 

t 


FiG-6 COMPONENTS OF A MASK HOLDER ASSEMBLY 


iJijilLLL 



usually satisfied . In the present work the Yacuun used 

“6 

?/as in the range of 10 torr vhich satisfies the first 
condition. The second condition wos not by enclosing the 
\7afer and mask in a special mask holder described above. 

Al. film was deposited on the other side of the 
wafer so that the contribution of the capacitance on this 
side to the total capacitance can be neglected. 

In order to deposte a homogeneous and uniform Al. 
film which is free from pin holes and has good adherence 
to the sample surface, it is necessarjr to stress upon the 
cleanliness of the sairplo surface, the mask and that of 
the mask holder. The verious methods used for cleaning 
are briefed be lows 

Sample surface cleaning 

After the oxide from non-polished surface was 
etched the sample was clo-ined as follows s 

(a) Heat in TOE for 5 minutes. 

(b) Heat in Acetone for 5 minutes, 

(c) Ultrasonic agitation in methanol for 2 iBinutos.. 

(d) Store in methanol till loaded in vacuum system. 

Mask and Mask' Holder Oleaning 

If the mask has not been prcv.1,ously used, it should 
be very thoroughly cleaned and inspected prior to use . Uiis 
particles, fibres or debris from the machining procoss maj- 
cause discontinuities in the deposited filrii. Eor cleaning 
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masks and mask holder ultrasonic agitation in organic 
solvents was employed in this \^/ork, The procedure is 
given below, 

(a) Boil for 10 minutes in aqueous detergent solution. 

Surf .was used for the present woi’k. 

(b) Wash in running tc.p v/ater. 

(c) Heat in ICE for 5 minutes 

(d) Ultrasonic agitation in Acetone for 5 minutes. 

(e) Ultrasonic agitation in methanol for 5 minutes. 

Al-“ used for contact deposition was 99.99955^ pure. 

Before use it was cleaned bjr ultrasonic agitation in 
organic solvents and finally heated in dil, Hcl acid for 
10 minutes. Then it was rinsed in DI water and stored in 
methanol till used. 

Resistance heating was employed, the source (Al) 
was heated from a tuiigston spiral. Ihe tungsten spiral 
was also cleaned by ultrasonic agitation in common cleaning 
solvents such as TOE, acetone and methanol respectively, 

Eurther cleaning of the tungsten spiral y/as done by 
degasing the filament in high vacuum (10”^ torr range) 
by allowing littlo more current than actually used 
during evaporation, so that all Gontaminarrfcs come out 
from the surface of tlio spiral, 

Rote: The processed wafers . wei^e stored in a very clean 
d^'y container having threaded lid. llie container carrying these 
wafers was tightly closed and stored in a decicator containing 
fused calcium chloride. 


Chapter V 

I IBASUHBEMDS AM) BESHLSS 

Diiriiig tae course of this work two types of 
r<;easure]3isnts made , 

(1 ) Optical raeasuremeii'ts for the determination of oxide 
thickness . 

(2) Electrical meas-arements on MOS structure for the 
evaluation of electrical properties of thermally 
groYm oxide films. 

In this chapter a brief description of these 
measurements will be presented. 

5.1 Oxide Ihiclncess Measurement 

Precise control of oxide thickness is of paramount 
importance in silicon device fabrication especially in the 
fabrication of integrated circuits. Proa the beginning of 
this work, considerable amount of time was spent in 
obtaining reproducible oxide films . Oxide thickness 
measurements were made on a Unitron Series 1 Metallograph 
supplied by Unitron Instrinnent Co. This instrument is 
converted into a multiple-beam micro-interferometer by 
using interference accessories supplied F/ith the metallo— 
graph. The measurement of oxide thiclcness by this method 
requires the formation of a step on the oxide layer. The 
following procedure was used for forming wedge-shaped step 
in the grown oxide films on silicon. 



A thick laj^'er of apiezon war dissolved in toluene 
or trichloroeth3rlene was ap^olied with a brush to a portion 
of the silicon specimen surface possessing the oxide film. 
This was allo?/ed to dry up at least for one hour till the 
wax was completely dried. A uniform thick wax coating was 
found necessary to avoid any possibility of the liquid 
etchant reaching the protected side of the oxide and 
etching a hole in it. The specimen was then immersed for 
nearly 60 seconds in 4870 HF to dessolve the unprotected, 
portion of the oxide film. After this the specimen vr.-'S 
thorouglrily rinsed in DI water and the v/ax v/as removed with 
trichloroethylene . 

The sijrf.oe of the specimen including the step was 
then metallised by evaporating a thin film of high purity 
Al, on it in a high vacuum system. The evaporation was 
performed at pressure of about 10 torr. This was found 

nocossary in order to obtain bright and well defined 
fringe . pattern. Al. metallization process has alroadjr been 
described in section 4.5 of this report. 

The thickness of the oxide film 'N-as calculated from 
the fringe patter hj the relation, 

d =z{~){^)n±oroias 
ox 12^ 

where X = 644 m u for cadmium monochromatic light used xi-i 
the thickness measurement, and 
I) and B are defined in the Big. 7 • 
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I 



Other methods which are sometimes employed for oxide 
thickness measmcements are 

(i) Weighing of sample, and 

(ii) Thicknoss estimation from its colour. 

The first method involves the weighing of the sanple 
before and after oxidation in a micro -ba lane e . Ihis method 
requires the knov?ledge of , film area and its density in order 
to convert weight into thickness. 

The second method so-called tho colour method 
consists of comparing the colour of uiiknown film Tfitli the 
colours of a set of standard films of different thicknesses. 
This. method is applied between the thickness 500-4000I 7/ith 
an accuracy of +20o£, 

c.olour 

The particular^f a film arises from the inter- 
ference between the light beams from the upper and lower 
surfaces of the oxide film. Reflection of specific wave . 
lengths interfere destructively and the remaining wave 
lengths combine to give a characteristic eoluur to the 
oxide film depending upon its thickness. 




OXIDE GROWTH RATE IN DRY OXYGEN 



5 . 2 Electric al K easurements 

All the electrical measurements during this work 
were made on an EOS structure employing the Electroglass 
wafer prober model 131 shoy/n in the Eigure 8 . A tungston 
probe making contact v/ith the metal dot (gate) provided 
one lead and tho other load y/as directly taken from the 
motallic vacuir: chuck wliicli was in intimate contact y/ith 
the metallised silicon surface. To ensure good contact 
bety/oen the silicon and vacuum chuck, all the uncovered 
holes of the vacuum chuck y/ere closed with a thick gummed 
paper.' 

(a) Measurement of Eielectric Strength of the Ozide Eilmt 

(i) Sample: IT-type silicon of 0,5 ohm-om resistivity. 

(ii) Oxidation conditions: ’lot oxidation process was 
used . 


Oxlclotion temperature 

= II 500 G 

Wat e 1 - bath t eivip o r atur e 

11 

0 

0 

0 

Oxygcjii gas floT/ 

= 1 liter/min 

Oxide thickness 

= 0,6 micron .■ 


E or this experiment, several Al.dots of 250 micrornn 
dia. each were evaporated on the oxide surface by the vacuum 
evaporation of Al. through Ou. mask as described in 
Section 4.5 of this report. Randomly chosen some Al.dots 
were probed for determining the die leetric strength of ohe 

oxide film. 
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IFor inc'-ouring small currents a sensitive D.O.meoer 
(raodel 95Aj loenton Electronic Corporation, USA) vfas used 
and the D.C. voltage was appliod from a D.C, Power Supply. 
Some of the reed’d ed observations are plotted in 
Pigure 9 . I'b is obvious from those curves that at pre- 
breakdown voltages the currents for vsxious sanples do not 
differ much from oach oxher and the breakdown of the oxioe 


film is very sharp arid well defined* Ihese facts inaiv^-.bc 
that the cpuality of the grown oxide is sufficiently good 
for its various applications mentioned in Chapter I. 


Consider: 


ng the minimum value for breakdown strength. 


from Figure 


E 


breakdown 


_ volts/cm 

U .6 

= 5 X 10^ volts/cm. 


Oxide PilmJ 


(b) Moasurement of Dielectric Consxarn: oi on: 

Sample; U-type silicon of 0.5 ohm.cm. resistivxty . 
Oxidation conditions; Dry - ^et . - ary combine-. L,j-on ..«. 


used 

Oxidation temperoture 
Water bath temperature 
Oxygen gas flow 
Oxide thickness 


1100CC 

90oC 

1 litar/min. 
0.5 micron. 


i. {. T, KANPUR 

C£ivh<al uaeARY 




21162 




the 

In genor :il j^^inost convenient and accurate method of 
making racasurenonts on an MOS structuro is to mount it on 
a TO-5 header i::i such a way that its semiconductor side is 
in contact with the body of the header, lecessary terminals 
aro then obtained by means of a TO or ultrasonic bonder. 


As the bonding f.rilities were not available during 
the course of ti'iis ?/ork, the MOS structure, therefore, was 
probed on the' same woifcr prober that Wc.s used in the 
measurement of the dielectric strength. 


The coni.cction between the the 7/afor prober and 
the test posts of the capacitance bridge was made using 
co-axial cable of minimum possible length in order to 
minimise the Ifuds and the stray cspacitances . "Honiote'' 


of the oxide film. Out of 12 Al.dots ydots 
only 3 randomly chosen dots v/ere probed Soi 
recorded observations are reproduced belowi 

First Dot ; 


tho ”opc 

::r?tion 

:cufacy . 


1 ensured 

uiidc r 

;rue cap-. 

ncitcnc!, 

dia 250 

I'oici'on 

; of the 



-0 


S .Ifo . Bias in volts 

1 0 

2 5 

3 10 

4 15 

5 ; 20 , 

6 25 

7 ^ 28 


0 ap a 0 it aneo in ?F 


3.30 
3 . 30 
3.30 
3 .50 
3.30 


3 .35 
3.35 



J J 


Second Dot: 


SI .iTo 

Bios in volts. 

Capacitance in PD 

1 

0 

4.2 

2 

5 

4.2 

‘j 

10 

4.12 

4 

15 

CM 

• 

5 

20 

4.14 

6 

<M 

4.18 

7 

28 

4.18 

Third Dot : 



1 

0 

3.41 

2 

5 

3 .41 

3 

10 

3.42 

4 

15 

3 .42 

5 

20 

3.43 

6 

25 

•3.46 

7 

28 

3 .47 

The I 

difference in the values of the measure a 

cap ac itance 

may bo probably due 

to 1 0 c al I luc i/Ua L i oixs 

in the carrier concentration oi 

uho silicon wafer and 

also duG to 

-4 T-- 4“ loo of ijllO -.-X • 

difference in tlie aro-^ uj. 

dots , 



Calculations; 


The 

average value of the 

capacitance from the 


above obsorvations is givoii by 
G 


average 


^ .SO + 4.2 =3.6 6 PD 



Irea of Al.dot ^ 3 , (1^)2 ^^2 


4 .9 z 10-“^ cni^' 


Hence the capacitance per cm^ of the oxide layer 

.-12 


3.66 X 10’ 


4 .9 X 10’ 


4 


= 7.4 X 10”^ F 


7.4 n?. 


Thus f 
film 


the aver.:;.gc dielectric constant of the oxide 



2,4 


X 1 0*^^ ^ ^ 

8.85 X ^ 


4.2 at 100 E3 i2 


(c) i)eteriiiinuti.:.:n of Surface State Density at Si-Si02 
Interfaces 

(i) High freciuency me asureracnt (100 KPIz) 

Sample: H-type 11 ohm-cm resistivity. 

Oxidation conditions; Dry oxidation was employed, 

Oxidt'tion temperature = 1100°0 

Oxygen gas flow = 1 liter/min. 

Oxygen pressure = 1 atm. 

Oxide thickness = 0.2 micron. 

Here, techniques of measurement as well as the 
precautions to he taken, are the game as , doscribed in tlie 
case of d isle c trie constant measurement . 





Some of tlie r: 

c orci G d 0 b s c rv at io n 

s are give 

n belovT; 

Positive Bias 

( Ao c uiiiul at ion ) ; 



SI ,Bo . 

Bias in Cap 

volts 

aoitance 
in PP 

Normalised v^ 
0 _ 2_ 

OjL 

1 

0 

22.27 

0.97 

2 

5 

22.27 

0.97 

3 

10 

23.02 

1.00 

4 

15 . 

23.03 

1.00 

5 

20 

23.04 

1 .00 

6 

25 

25.04 

1.00 

<1 

1 

28 

23.04 

1 .00 

Negative Bias 

(Pcpletion) ; 



1 

0 

22.26 

0.97 

2 

1 

22.16 

0.965 

rr 

p 

2 

21 .94 

0.945 

4 

3 

21 . 04 ; 

0 . 9.15 

5 

4 

19.76 ; 

0.36 

6 

5 

17.04 

0.775 

7 

6 

14.96 

0 .650 

8 

7 

12 .30 

0,535 

9 

8 

10.00 

0.436 

10 

: 9 

8 . 41 : 

0,566 

11 

10 

7.75 

0,338 

1 2 

11 V 

7.45 

0.527 

13 

: ;T2 : : 

7.50 

0.326 

14 

: : 1^3' p:; ; e ' 

7.50 

Li.oao 

;15: ' 

;v;-:;. ;l4 ::/7 

; 7.60 ;• 

0.330 

16 


; 7.7Q-; ; 

C. 35 O 



Calculations of Theoretical Curve: 


In Chapter III of this report j detailed theory 
of Si-Si 02 interface has been pivcii. Cone of the formulae 
needed for calculations of theoretical curve are reproduced 
here for quiet reference. . 


(i) 


V, 


iC 


oz 


+ 


s 


(3.6) 


(ii) 


"SC 


4 n ^ {2 r ao3h(Ug - Uj,) - Oosh Uj 


+ oinn 

o 


irili ugj'l* 

with some trijacnometrical modification. 


(iii) 


ox 


~Z 


1 + 


“OX 


4 % tx' 


Y 


2 app 


(3.4) 


(3.1'=' 




The first step in c-^lculation is to dcterE^ine the 

values of Q^. from equation (3 .4) corrosponding to various 

q . • 

values of Ug given by ' - pr ? where = a ? 

Y being the surjTace potential rei- tive to bulh and is 
equal to tiic band bending in" IcT”, unit s . ^ = 33*5 at 
room temperature; . 


Once is knowiiy corresponding values of vp,„ 


“SC 


•PP . 


are calculatod from equation (3 *6) and vjilae of 0.„ - O/'j 


ox 


are then determined by substitutihg the values of iii 

equation; (3 .18) . 
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The results have been recorded in the following table. 


S .ITo , 

^app ^ 

0= 
n 0 

ox 

1 

-0.0 

0.75 

2 

-1 .90 

0.252 

3 

-4.712 

0.193 

4 

-8.064 

0.110 

5 

-12.5 

0,09 

6 

-13.77 

0.087 

7 

-14.674 

0.0835 

Calculation 

of Surface States Density; 



J’lat band voltage T^-q=5-*-00 volts from fig, 10 

*^ox Parads/cm^ * ~T^"i r T o~^ ' = "^ 7x1 0'^PP/cm^ . 

where 23.04 is the measured capacitance of the oricle layer 

2 

and 1*96x10 cm is the area of Al.dot corresponding to 
500 microns dia, ITeglecting the work function difference 



1.17 X 10 X 5 = 5 x 1 , 17 x lO"” coub/cm'^ 
Therefore Surface state density IT = 

(1 ~ 1 .6x10“^^ 

= 3.66 X 1e‘'' Stats/cm^ 
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The work function difference was found by calculation 
to be 0.1 V which can be neglected. Hence Ho. of surface states 
is 3.66x10”^’' states per cm^ at 100Q KHz 

low frequency Measurements 


These measurements were made on a impedance bridge 
obtained from G-eneral Eadio Oompany Concord, Mass, H.S.A, 
Boonton Capacitance bridge could not be used because it 
does not have any provision for applying low frequency^ 
signal. Some of the results are shown in Table below. 

(a) Measuring frequency 100 Hzj (Positive Bias) 


SI .Ho , 

1 

2 

3 

4 

5 

6 


Bias in volts 

0 

5 

10 

15 

20 

25 

30 


Capacitance in PF 

23.6 

23.6 

23,6 

23,6 

23.6 

23.6 : I. : 


7 


23.6 


UegatiTe bias: 


1 

Bias in volts 

0 

Gape c it a lies in PI 

23.6 

2 

3 

23.3 

3 

6 

22,2 

4 

9 

12.8 

5 

12 

13.7 

6 

15 

13.91 

7 

13 

21 .7 

8 

21 

22.3 

9 

24 

22,3 

10 

27 

22.3 

1 1 

2S 

22.3 


Measuring frr 

'iuency 50 

Hz ; ( ?o s it ::i.v e B i as ) 

1 

0 

23.6 

2 

5 

23.6 

3 

10 

23.6 

4 

15 

23,6 

5 

20 

23.7 

6 

25 

23.7 

7 

28 

25.7 


(jJc bias) ; 

1 
2 

: 3 

4 


C 

3 

6 

9 

12 


£ 3.6 
23 .3 
20.4 
la «8 


5 


13,7 


?03 it ive Bia a ( c ont inuc d ) : 


6 

15 

18.7 

( 

18 

21 .1 

b 

21 

21 .7 


24 

21 .9 

10 

27 

21 .9 

11 

28 

21 ,9 


5 ,;^oi i'^-ludin:a: Rei i .rks ; 

In tile t-.ible 3i'.!.o’.','n below, o. comp oris on has been 
node between tlie values obtained during the present work 
and obtained b;' similar irvestig~tions by other workers. 




Value obtained TValue citedTVef ♦ 


in the pinsent 
work 


in the 
literature 


1 

Dielectric 

stren.'.-bh 

6 

pnlO volts/cm 

lO^-1ob/see. 

26 

6 - 

lielcc'trlc 

C 'JiiS k; , i J ' 

4.20 

3 .78 to 10 

26 

:) 

Density of 
surf., 0 . 

Sta tt s 

4 . o'^ ^ / ern^ 

lo'^'^toio'^ V 

cm^ 

n 


The above results indie.. te that the quality of the grown 
oacides is sufficiently good and can be employed for the 
fabrication of planar traaoistor as well as- for many other 
components used in integrated circuits,. Also as can be seen 
from ligure . , the obtained results are in good qualitative 

as well as quantitative; agreement with theory . 




Fig. 11 Showing low frequency (1 00 H >) response of a MGS 
structure 




4 2 Low frequency ( 50 H response of an MOS structure 



It must be remembered that this v/ork was carrier] 
out in a place where clean room facilities re not ara 
able. Under thnse circumstances, it is expected that 
several types o:? contaminants might have affected tho 
results obtained in the present investigations. It 
might be possible that if this T/orki. were completed in 
a clean room, the r.'Buits would have been much closer 
to those reported by other worueris. 
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